We present results from development and testing of lightweight actuators made of the piezoelectric polymer PVDF. The prototype being developed is intended for microgravity applications in space and has been tested aboard NASA's Reduced Gravity Platform. The design has been driven by the requirements for a full three-dimensional (six-degreeof-freedom) environment. Incorporation of additional electrical leads into the actuators themselves may remove the need for a separate umbilical to the suspended experiment. Linear equations describing the displacement of piezoelectric bimorphs were developed and applied to the bellows actuator including the epoxy layer. Properties for the piezoelectric layers were obtained from the literature; properties for the epoxy layer were obtained through ultrasonic testing. To assess the validity of the assumed linearity of the actuator, we conducted nonlinear finite element analysis, which indicated a high degree of linearity on contraction and up to a maximum of 5% deviation on expansion to full deflection (about 6 mm). We have developed and tested a proportional-plus-derivative (PD) control system for use with the actuator in one dimension using a novel folded pendulum to simulate a zero-g environment. Passive and active characteristics are both in agreement with theoretical predictions.
INTRODUCTION
A lightweight piezoelectric polymer actuator for active vibration isolation in space application has been developed. The actuator and associated vibration control system have been tested in one dimension, with excellent results. The actuator has a low effective spring constant that provides for passive vibration damping over a large frequency range. Since the actuator is in mechanical contact with the rest of the system, we can make use of passive following at very low frequencies. Passive damping is effective at frequencies well above the mass-spring resonance. Active control is applied to both adjust the effective spring constant to tune the resonant frequency and to induce near-critical damping to eliminate the resonance overshoot.
We were chosen to fly prototype systems on NASA's Reduced Gravity Platform, a KC-135A aircraft, during March 1998 March , 1999 March , and 2000 . While the first two of these flight opportunities were not completely successful, we have found them to be invaluable as part of the development and testing cycle. Consequently, we have adjusted our development effort for the March 2000 flights and kept the design focused on the requirements for our ultimate goal of a full three-dimension, six-degree-of-freedom, vibration isolation system. This work represents a continuation of that reported in Refs. 1 and 2.
The use of actuators based on piezoelectric film has been proposed before, e.g. see Ref. 3 . What is new is that the design has been driven specifically to allow extension to the three-dimensional environment. To this end, we have included umbilical lines that are not part of earlier designs. Additionally, we designed and tested a simpler feedback control system.
We discuss the actuator design and static testing results in Sect. 2, and dynamic testing in Sect. 3. In Sect. 4, we discuss the one-dimensional feedback control system developed for control of the actuator. In Sect. 5, we discuss progress on design of the three-dimensional system. The final section summarizes the results and presents comments and conclusions about the development effort. cured in a partial vacuum. Once cured, the sample surfaces were machined flat and then removed from the mold. The vacuum curing drew most of the bubbles to the surface where they were removed by the machining process. The ultrasonic testing was done using 1/2" dia., 2.25 MHz wide-band longitudinal and shear transducers. These were used to obtain the longitudinal and shear wave velocities in the material, from which were obtained the Young's modulus and Poisson's ratio. Because of the signal attenuation caused by the viscoelastic nature of the epoxy, the single transducer pulse-echo method did not produce two successive echoes when performing shear wave measurements. Therefore it was necessary to use through-transmission, which required two transducers, for these measurements. The resulting values of Young's modulus and Poisson's ratio, respectively are6: = 4.2 GPa and v = 0.38.
Bellows actuator assembly
Electrode connector tabs of copper tape are attached to two patterned sheets. Then the two sheets are bonded together with epoxy such that the high voltage electrodes, shown in Fig. 1(a) , are between the pair and the ground electrodes are on the outside, minimizing exposure of the high voltage. Epoxy coated sheets are placed in a curved form for curing to establish the pre-curved bimorph shape. The design radius of curvature is 31.5 mm.
Epoxy is then applied to the edges of two pre-curved bimorphs and these are placed in a second form to obtain the bellows leaf spring arrangement shown in Fig. 2 . Minimization and uniformity of the epoxy layer thickness are essential to obtaining a reproducible strong response. Current manufacturing techniques produce an epoxy layer thickness of '25 m, but our goal is '10 tim. , at the n1id-point due to an applied voltage is then given by:
'eq ICf 'eq ILf in which the latter expression is the small pre-curvature limit, and where
R is the mean radius of curvature of the actuator segments in Fig. 2 , hf h and h9 are the thickness of the bare piezoelectric film, the electroded film, and epoxy layer, respectively, Y and Y are the elastic modulii of the electroded piezoelectric film and epoxy layer, b is the width of the actuator and d31 is the piezoelectric strain coefficient. Additionally, L is the arc length from the end of the actuator to the mid-point, (i.e. one-half the length of the electroded piezoelectric film used to construct the actuator), and V is the voltage applied relative to ground. When a force, F, is applied at the mid-point, the resulting deflection, Lip, at the mid-point is Also shown are the predictions for the limit of no epoxy layer, h9 -+ 0. Note that greater displacement can be achieved by minimizing the epoxy layer. In general, reducing the epoxy thickness should improve performance. Note that Y is the element c11 of the stiffness matrix and is given in terms of the compliances as7:
cli -(4) S where S = S11S22S33 -S11S3 -S22S3 -3312 + 2512523513.
The electrical and mechanical stiffness are given by, respectively, k = V,'zv and kF F/LF. (5) These are plotted as a function of radius in Fig. 4 . These figures show that the stiffness is quite sensitive to the radius for small values of the radius, but as the radius increases the stiffness tends to limit, which can be shown to be the stiffness for a straight actuator. The predicted mechanical and electrical stiffness for a single bellows actuator with a 25 jm epoxy layer are 35 N/m and 206 V/mm, respectively. In order to establish the range over which the response of the actuator to an applied force was linear, the results obtained from Eq. 3 were compared with a non-linear finite element model using ANSYS. The algorithm used by ANSYS is to apply the load incrementally and update the geometry at the end of each load step to incorporate the deflection that occurs during that step. The results corroborate the prediction that on compression, the effective radius increases and the results are highly linear. On bellows extension, the radius decreases and there is a maximum of 5% deviation at full deflection for a double-bellows actuator stack (about 6 mm). Since we operate the actuator within mm, this deviation is negligible and we may assume linearity over the entire operating range.
Connectors
In order to accommodate shear effects in the three-dimensional system, we stack two bellows assemblies at right angles to each other and attach the whole stack to the frame and box with flexible plastic line acting as a hinge. Standoff posts have been added to extend the length of the stack in order to reduce the angles resulting from shear strain. Clamps attaching the stack to the frame and box are made from aluminum blocks. Not shown in Fig. 5 are the additional electrical lines and connector for actuator control voltages and data signal lines to the umbilical. Measured characteristics for a set of prototype double-bellows actuator stacks are summarized in Table 2 . Fig. 6 displays expansion and contraction response for one of the completed double-bellows actuator stacks. As a result of the analysis above, we have been focusing our manufacturing improvement efforts on minimizing the epoxy layer. With these improvements, we anticipate cutting the electrical stiffness by nearly a factor of two. Even so, we have noted the high degree of linearity predicted by the analytic and ANSYS results. 
DYNAMIC TESTING
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1-D FEEDBACK CONTROL SYSTEM
The actuators have proven to be linear in dynamic response over the available motion range of mm. This has allowed us to use a linear underdamped mass-spring model for the one-dimensional system. The passive characteristics of following at very low frequency and damping at high frequency will be used to the maximum extent. The control system primarily provides resonance frequency tuning as necessary to adapt to the given environment and additional active damping to remove the resonance overshoot.
Control system design criteria
While the Space Shuttle or the International Space Station will provide a low gravity environment due to the free-fall nature of the orbit, nonetheless there will be residual bias and vibration forces acting throughout the platform. Since there will always be some activity on these platforms, there will be vibrations due to air and liquid handlers, hatches opening and closing, refrigeration pumps, and so on. Each platform will exhibit a different level of vibration, or gjitter as it is often referred to. In this section, we outline the differences in design strategy required to adapt a one-dimensional laboratory test system to a one-dimensional representation of the Space Shuttle and the KC-135A. We assume that the g-jitter has a power spectral density exhibiting a relatively uniform envelope across a large frequency range, based on data obtained from a Shuttle flight. There will be a relative displacement limit imposed either by the available space or by the limitations of the measurement devices. This displacement limit will then determine the frequency cutoff below which the experiment box must follow the platform frame or risk impact. Fig. 9 compares the cutoff criteria for vibration levels of the Shuttle versus those of the KC-135A. As can be seen, for the same relative displacement, the cutoff frequency required for the aircraft is much higher than that for the Shuttle. The comparison is necessary for projects needing to go through demonstration/validation on the Reduced Gravity Aircraft prior to deploying on the Shuttle or 155.
Although the spring constant for the actuator can be adjusted to some extent by varying construction techniques, it is not currently feasible to build an actuator with a specific spring constant value. Also, the inertial mass of the suspended experiment box will vary, case to case. Consequently, we will need to adjust the effective spring constant through electronic feedback to adapt to the specific circumstances. Given a suspended inertial mass of 80 kg, for example, we would need to reduce the spring constant for a lower cutoff for the Shuttle and increase the spring constant for the KC-135A for a higher cutoff frequency. While we will not be able to adjust the effective spring constant over the tremendous range implied by Fig. 9 , we do want to allow as much dynamic range as possible. For demonstration tests on the KC-135A, we will be using a significantly smaller suspended mass than anticipated for the Space Shuttle. The demonstration load will be constrained to approximately 0.5 kg, while the loads on the Shuttle or 155 are expected to be on the order of 80 to 400 kg.
Limitations of measurement devices
Initially, we assumed that accelerometers would be needed as the sensors for control feedback, but the results were highly disappointing. Small, lightweight accelerometers did not have the sensitivity to monitor the low acceleration levels desired and they exhibited a noise level exceeding the signal level desired. Larger, heavier, and more sensitive accelerometers are available, but they are expensive and add significant weight to the experiment. Additionally, positioning the accelerometers to obtain motion data in all six degrees of freedom proved to be a formidable task.
As a replacement to this, we devised a system using only position sensing devices (PSD's). If the only contact to the suspended experiment box is the actuator, then the force on the box is known from the extension of, and the voltage applied to, the actuator and the acceleration can be computed. The addition of viscous friction can be included in the calculation by tracking the rate of change of extension.
For the current design, we found that low-cost, low-power diode lasers, combined with Hamamatsu two-dimensional 12 mm x 12 mm PSD's give us measurement coverage over the displacement range of the actuators. The sensitivity of the PSD's is on the order of 6 /tm, which is on the order of amplitudes 40 dB down from the maximum. The pass band of the control system is set to ignore any input with frequencies above the 6 jm cutoff. We are using the two-dimensional PSD even in the one-dimensional tests to monitor any out-of-plane motion of the pendulum. In the three-dimensional system, the lasers and PSD's are arranged to form an orthogonal set of axes as will be discussed in Sect. 5 below.
Control model
The actuator and mass are modeled as a linear mass-spring system as shown in Fig. 10 . The variables D and Y represent the displacement of the platform frame and box, respectively, relative to some (unknown) inertial reference frame. We are interested in the response of the inertial mass of the experiment box as a function of arbitrary motion of the Shuttle frame. The differential equation modeling this system is (6) m rndt with Ye th( equilibrium offset of the actuator, which is adjusted by the applied voltage, m is the inertial mass of the suspended box, k is the passive spring constant, and b is the passive damping constant. As the actuators have been shown to be highly linear, we approximate Ye as Ye Yo + Vd,
with Yo the equilibrium extension with no applied voltage, V the applied voltage and, d the piezoelectric constant for the complete double bellows actuator stack. The simplified control model block diagram for the one-dimensional case is shown in Fig. 11 . The mass-spring and piezoelectric effects of the actuator are accounted for in the block P . The passive viscous friction coupling between D and Y is outside the control system and is represented by the block F. The PSD is capable of measuring the relative displacement D-Y, and produces a signal of one volt per mm of relative displacement.
The block Kx represents the principal element of the control system. It consists of a bandpass filter to reject frequencies above and below the range needed for control and a Proportional-plus-Derivative (PD) control module. The proportional response couples to the displacement x=D-Y+yo, (8) and changes the effective spring constant. The derivative response is based on the time rate of change of the relative displacement dx/dt, and produces the desired additional (viscous-like) damping.
The output of Kx is scaled in volts per millimeter. The block Ka represents the high voltage amplifier needed to produce a one millimeter extension for a one volt signal produced by the block Kx. Specifically, the amplification in Ka is such that Kad = 1. For our prototype actuator stacks, the amplification would be 200 from Table 2 . With the reduced electrical stiffness expected from improved manufacturing, this amplification may be reduced by half. 
Calculation of control variables
Within the range of voltages allowed by the control system and the actuator, the effective spring constant can be adjusted to produce the desired response. The factors must be calculated for the given mass to be suspended and the specific environment to be experienced. In all conceivable cases, the passive system will be underdamped, so we assume a passive resonance to exist at w =
The proportional term, K1 , is calculated using the passive spring constant k for the actuator, the given inertial mass, m to be controlled, and a desired cutoff frequency, wc = 27rfc, determined from a graph such as Fig. 9 . The desired effective spring constant is keff wm, (11) so that
The derivative term, K2, is then determined by calculating the critical damping factor K2 (b -2rnw) = - (13) In practice, we have found that less than critical damping can improve the settling time while not exceeding the acceptable overshoot limits. Additionally, the system response is sensitive to the settings of the bandpass filter limits.
Active pendulum tests
Both analog and digital versions of the control model have been built. Testing primarily focused on the ability to induce additional damping since time derivative circuits and algorithms can be excessively noisy. The results of analog and digital damping are shown in Fig. 12 . The additional damping from the digital system is a result of the sharper frequency cutoff possible in the digital bandpass filters.
Without high pass filters the system would become friction dominated and would show only first order roll-off above the cutoff. Without low pass filters, the system would risk saturation attempting to overcome the dc bias. The bandpass filter may need to contain up to fourth order high and low pass elements in the final system to avoid these two problems.
Effect of non-zero dc bias accelerations
On the Shuttle, offset dc bias accelerations on the order of less than 10 .tg are expected in the space lab module in the cargo bay. For a suspended inertial mass of 80 kg, and four actuators affected by the displacement, we expect less than 0.1 mm offset from center. Up to 400 kg would still only produce approximately 1 mm offset, which would be within tolerance if the effective spring constant were set slightly higher than optimum for no bias. [n particular, we have been developing a digital control system which can allow for non-symmetric mass distributions by making use of the proportional adjustment capability in the control model. Knowing the inertia tensor, we can adjust the forces applied by the actuators to create the correct torques under varying spatial configurations due to the motion without making small angle approximations.
Solution to 3-d geometry problem
The need for the small angle approximation was eliminated by solution of the geometry of the relative translation offset and rotation of the box relative to the frame, This calculation has been demonstrated in a PC with up to 500 updates per second without affecting other operations. This rate is well above that required for Space Shuttle applications, but in the range required for demonstrations on the KC-135A.
Proposed flight test design
The next flight test configuration calls for 12 actuators arranged in three orthogonal planes of four actuators each around the suspended box. This provides for 24 umbilical signal lines, which is ample for readout of the three 2-dimensional PSD's and a monitoring accelerometer on the box.
CONCLUSIONS
We have found that the prototype double-bellows actuator stacks behave reasonably in accordance with the analytical and ANSYS simulation results. Although we could potentially achieve improved results with flat structures, the additional manufacturing coriplexity of adding spacers does not seem justified, given the high degree of linearity observed in the pre-curved structure we are using. We expect the greatest performance improvement from decreasing the thickness of the epoxy layer between PVDF sheets constituting the bimorphs.
Testing in one dimension has verified that our actuators do produce a linear response and can effectively damp out vibrations above a specified cutoff frequency while following average platform motion below the cutoff. The use of a contact system such as this should be compared with non-contact proposals such as in Ref. 11, which discusses use of magnetic actuators. Magnetic systems provide better passive damping in general but also tend to be heavier than the small polymer devices described here. Also, non-contact systems force a separate solution to the umbilical problem. 
